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I. INTRODUCTION
LC density, which for nanoparticles of comparable size to LC molecules may be of considerable importance. Classical Density Functional Theory (DFT) incorporates density variation and is computationally less expensive than simulations, and has been recently applied to LC-nanoparticles dispersions [32] [33] [34] by us. Closely related to DFT is Integral Equation Theory
(IET), which has also been recently applied to spherical nanoparticles in LCs [35] [36] [37] , studying the colloid induced structure and interactions between them. However, IET does not produce spontaneously ordered phases, so these calculations were performed using (arbitrarily)
weak aligning fields.
In many instances interactions between nanoparticles and solid substrates in LCs is important. As well as being used to form ordered nanoparticle arrays, this is of interest in LC biosensors 38, 39 . Recent work, using either LdG 27, 40, 41 or DFT 33 have shown a repulsive LC-mediated interaction between a nanocylinder and a planar substrate. This arises due to an increase in elastic energy due to director deformations and excluded volume effects.
LdG theory has also been applied to nanoparticles near substrates with cavities 31, 40 . For a range of cavity sizes the LC-mediated interaction changes from repulsive to attractive with the strength of this interaction varying with cavity size, with the strongest attraction found when the cavity size was comparable to the size of the nanoparticle. The interaction strength was also found to be dependent on the cavity shape 31 . However the neglect of density variation means that the particle sizes studied are significantly larger than the molecular dimensions. By using DFT we are able to study nm-sized particles, in regimes that are difficult to access experimentally.
II. THEORY
The DFT methodology used in this paper is fully outlined in previous work [32] [33] [34] and will only be briefly described here. The liquid crystal solvent is modelled as a fluid of hard ellipsoids of aspect ratio e = a/b = 15 (in the rest of this paper b = 1 will be taken to be the unit of length). The grand potential of such a system may be written as
where ρ(r, u) is the position-and orientation-dependent single particle density, V ext (r, u)
is the external potential, µ is the chemical potential, and β = 1/k B T . The first term in eqn. (1) is the (exact) ideal free energy (FE). The second is the excess FE, which is generally unknown. Here we employ the Onsager approximation
where r 12 = r 1 − r 2 and f (r 12 , u 1 , u 2 ) = exp −βV (r 12 , u 1 , u 2 ) − 1 is the Mayer function.
V (r 12 , u 1 , u 2 ) is the intermolecular potential, where V = ∞ (f = −1) when two molecules overlap and V = 0 (f = 0) otherwise. Although eqn. (2) is only exact for infinite elongations, previous studies 44 have shown that there is good agreement between Onsager theory and simulation for the elongation used in this study (e = 15). While this aspect ratio is larger than those of common LC molecules (which have typically e ≈ 4 − 8), the behaviour of such molecules is expected to be qualitatively similar. More sophisticated DFTs [45] [46] [47] are necessary to study these aspect ratios. As the intermolecular potential is purely repulsive, the phase behaviour is solely determined by the chemical potential. In this work βµ = 1.4, well inside the nematic phase (βµ ≈ 1.32 for the model and parameters used in this work).
The external potential, representing a single cylindrical nanoparticle of radius R c orientated along the y axis, is given by 
term may be written
where
In order to find the equilibrium density, the functions are tabulated on a regular grid in the xz plane; the grid spacing is δx = δz = 0.5b, the molecular length corresponding to 30 grid points. The grand potential is then minimised with respect to theρ m (s) coefficients at each grid point using the conjugate gradient method 49 . When required, the coefficients ρ m (s) are calculated from the spherical harmonics expansions, with angular integrations performed using Lebedev quadrature 50,51 .
Once the equilibrium density coefficients ρ m (s) have been determined, the number density ρ(s) and order tensor Q αβ (s) may be found from
The spatially varying order parameter S(s) is given by the largest eigenvalue of Q αβ (s) and the director n(s) by the eigenvector associated with S(s). The LC mediated force (per unit length) on the nanoparticle may be found by differentiating the grand potential with respect to the nanoparticle coordinates 52, 53 . Explicitly the the force is given by
where the integration is over the region |s − S c | < R c − b.
III. RESULTS
A. Liquid crystals adsorbed at structured substrate Shown in Fig. 2 are density and order parameter maps for nematic solvent in the absence of the cylinder. For shallow grooves ( Fig. 2(a) ) the director remains largely uniform in the vicinity of the surface. On increasing groove depth two small defects appear, due to competition between ordering at the groove sides and bottom. For the deepest, narrowest groove (d = 30b, w = 30) the LC inside the groove is aligned along the x-axis, due to homeotropic alignment at the groove sides ( Fig. 2(c) ). This leads to a complex structure, with a large defect at the mouth of the groove and a second extended defect at the bottom of the groove. When the groove width is increased, this defect structure disappears, begin replaced by two small defects near the groove sides. The defect structures for the d = 15b, w = 30b and d = 30b, w = 60b walls are similar to those found using LdG theory for grooves of the same aspect ratio 31 .
B. Variation of free energy with nanoparticle-substrate separation
The variation of Ω with z c for different cell depths (for fixed width w = 30b) is shown in nm) in much larger channels 31 . With the exception of the narrowest groove, the free energy minimum position lies inside the groove for d = 30b.
The cylinder-substrate potential may be understood through changes in the LC-structure with cylinder separation. Shown in Fig. 6 are density and order parameters maps of the LC around cylinders in their potential minima. When the the cylinder is located at the mouth of the d = 30b, w = 30b groove (z c = 50b) (Fig. 6a ) the large defect found for the surface without cylinder (Fig. 2d) is absent. The radial anchoring at the surface of the cylinder causes the fluid in the groove to lie along the z direction. Two small defects appear near the sides of the groove due to the mismatch between homeotropic anchoring at the groove sides and the anchoring at the bottom of the groove. When the cylinder moves deeper into the groove (z c = 33b) the structure is simpler, with two defects in the cusps between the cylinder and groove sides. When w is increased to 35b bridges of dense fluid appear between the cylinder and groove walls and the defects move away from the cylinder. These regions of high density and order lead to a decrease in the free energy. As w is increased further the bridges become more diffuse and have disappeared for w = 60b. The defects remain attached to the sharp corners of the groove 31 and become larger. 
C. Variation of free energy within groove
In the previous calculations the cylinder was held equidistant from the groove walls. In 
D. Variation of free energy with lateral displacement
The variation of Ω and force with lateral displacement, x c , (for fixed z c = 15b) is shown in Fig. 8 . Figure 9 show the LC-structure around the nanoparticle and different grooves with x c = 0. Far from the groove Ω(x c ) is constant. For wider grooves there is a free energy barrier on decreasing x c ( Fig. 8(a) ). This is caused by the formation of a large defect near the groove side ( Fig. 9(a) ). A similar barrier was also seen in LdG theory calculations 40 . (squares, online red), and w = 60b (diamonds, online red).
In this region rapid variation in the lateral force is also seen (Fig. 8(b) ). For narrower grooves this barrier is much smaller for d = 15b and completely absent for d = 30b. The barrier disappears for this groove due the relief of the director frustration at the mouth of the groove (Fig. 9(c) ).
On decreasing x c Ω(x c ) drops rapidly. For x c ≈ −22.5b (w = 60b) or x c ≈ −7.5b (w = 30b) there is a potential minimum due to the formation of a high density bridge between the nanoparticle and groove corner ( Fig. 9(b) ). For the w = 30b grooves this is the minimum energy position (βΩ(
. For the wider grooves this is a very shallow local minimum, with the energy being lowest when the nanoparticle is over the centre of the groove. The z-component of the force (Fig. 8(c) ) is large and positive for large lateral displacements, due to the repulsion between a nanoparticle and a planar substrate. When the centre of the nanoparticle moves past the groove wall, F z rapidly decreases, with there being a weak attraction towards the groove bottom. 
IV. CONCLUSIONS
Using classical DFT the interaction between a cylindrical nanoparticle and a structured substrate has been studied. In the absence of a nanoparticle competition between anchoring at the groove sides and bottom sets up a complex defect structure for a range of groove widths and depths.
The nanoparticle-substrate interaction was found to be sensitive to changes in the substrate geometry. For a flat substrate the interaction is short-ranged and repulsive, due to The size-selectivity of the nanoparticle-substrate interaction is reminiscent of 'key-lock' mechanisms seen in biological systems. As the interaction strength varies rapidly with changes in groove geometry, such structured substrates may be used for sorting particles and for the nucleation of nanoparticle crystals. As well as depending on the groove geometry size, the interaction will also be dependent on nanoparticle size and shape, which has not been investigated in this work. It would also be interesting to investigate systems of several nanoparticles in and near grooved substrates 31 . Also of interest would be the behaviour near the nematic-isotropic transition, as studied for the planar wall in Ref. 34 . 
